We recently identified a positional candidate for the XRCC2 DNA repair gene at human chromosome 7q36.1. We have now cloned the cDNA for this gene from both human and mouse and show that it is a highly conserved novel member of the recA/RAD51 recombination repair gene family. The cDNA is able to complement significantly the phenotype of a unique cell line, irs1, which shows extreme sensitivity to DNA cross-linking agents and genetic instability. This phenotype is consistent with a role for the XRCC2 gene in recombination repair in somatic cells, suggesting that in addition to RAD51, other members of this gene family have an important function in high fidelity repair processes in mammals. Despite this function, the XRCC2 gene transcript is expressed at a very low level in somatic tissue, but is elevated in mouse testis, suggesting an additional role in meiosis.
INTRODUCTION
Severe damage to DNA, such as double-strand breaks or interstrand cross-links, creates considerable problems for the maintenance of genomic integrity. Studies with microorganisms, such as bacteria and yeast, have revealed that repair of this type of damage is largely controlled by a specific set of genes that are also involved in genetic recombination (1) (2) (3) (4) . Thus, defects in these genes give rise to cellular sensitivity to agents such as ionizing radiation and bifunctional chemicals and to loss of homologous recombination capacity. Although less is known of this type of DNA repair in mammals, it is clear that there is structural conservation of some of the gene products involved (5) (6) (7) (8) (9) .
The recA/RAD51 family of genes has been identified in the archaea, prokaryotes and eukaryotes as highly conserved components of genetic recombination (10) (11) (12) . These genes are involved in early steps of homologous recombination, to promote homologous DNA pairing and strand exchange. Mammalian homologues of this family of genes have recently been identified through their conservation of protein sequence and the human Rad51 protein has been shown to retain a number of functional similarities to bacterial and yeast orthologues (13, 14) . The potential importance of mammalian Rad51 functions has been emphasized recently by the finding of interactions with the tumour suppressor protein p53 and with the breast cancer susceptibility proteins Brca1 and Brca2 (15) (16) (17) (18) (19) (20) .
We have been working towards the cloning of the gene defective in a unique cell line derived in our laboratory (irs1), which is sensitive to a range of DNA-damaging agents. The phenotype of the irs1 cell line, showing in particular extreme sensitivity to DNA cross-linking agents and genetic instability (21, 22) , is consistent with a role for the defective gene in recombination repair (23) . We have mapped this gene, provisionally named XRCC2, to human chromosome 7q36.1 (23) and recently identified a candidate gene from the ability of genomic DNA from that region to complement the defect in irs1 (24) . We have now cloned the full-length human XRCC2 cDNA and similarly identified the mouse gene to show that its structure is highly conserved in mammals. The gene is a novel member of the recA/RAD51 family, demonstrating that, in addition to RAD51, other members of this gene family have an important role in mammalian repair processes.
MATERIALS AND METHODS

Cell culture, transfection and complementation testing
Cell lines were cultured and exposed to the DNA-damaging agent mitomycin C as described previously (23) . Aliquots of 10 µg cDNA in an expression vector carrying a hygromycin resistance selection gene (25) were transfected into 10 6 irs1 cells by electroporation (400 V, 500 µF; BioRad gene pulser). Clonal lines of successfully transfected cells were identified by their growth in medium containing 400 µg/ml hygromycin. Following selection, the ability of the cDNA to complement the defect in irs1 was tested by respreading the transfected lines and parental lines in different concentrations of mitomycin C. A pool of ∼100 transfected lines, as well as several individual lines, were tested for resistance to mitomycin C. Similarly, cycling cultures of parental and cDNA-transfected lines were tested for the frequency of chromosomal aberrations, by scoring Giemsa stained metaphase spreads according to standard criteria (26) .
Isolation of the full-length XRCC2 genes
A human cDNA library derived from HeLa cells (kindly supplied by Dr R.Legerski, University of Texas, Houston, TX) (25) was screened with probes made by PCR, using primers designed to the putative XRCC2 cDNA fragment (GenBank accession no Y08837) identified previously (24 (24) . This was restricted and subcloned into pBluescript II (Stratagene); fragments carrying the 5′-end of XRCC2 were identified by probing Southern blots with synthetic oligonucleotides derived from cDNA sequences. These fragments were sequenced by primer walking using an ABI377 automated sequencer with dye termination chemistry. Sequences were manipulated and translated using programs included in the Wisconsin Sequence Package v.8 (Genetics Computer Group, Madison, WI), supplied by the UK HGMP Resource Centre.
Rapid amplification of cDNA ends (RACE)
Double-stranded cDNA containing RACE adaptors was synthesized from 1 µg poly(A) + RNA from various sources (CP lymphoblastoid cell line, primary HF12 human fibroblasts, mouse L929 cell line, mouse liver and mouse testis), using the Marathon cDNA amplification kit (Clontech) and following the supplier's protocol. Nested PCR was performed using a touchdown protocol (28) from 65 to 55_C using adaptor primers and gene-specific primers. A mixture of Thermoprime plus DNA polymerase (Advanced Biotechnologies) and Pfu DNA polymerase (Stratagene) was used to obtain high fidelity products.
RNA analysis
Total RNA was isolated using Trizol reagent (Gibco) from whole tissues of 67-day-old male CBAH/1768.2 fos mice. Aliquots of 75 µg were subsequently used for poly(A) + RNA isolation using oligo(dT) 25 Dynabeads (Dynal) following the manufacturer's protocol. mRNA was reverse transcribed with the thermostable rTth reverse transcriptase (Perkin Elmer) using the manufacturer's conditions, varying the primer annealing temperature. Reactions were also done in the absence of Mn 2+ to test for the presence of contaminating DNA and none was found. To prepare northern blots, poly(A) + RNA was isolated from exponentially growing cell lines using the mRNA Direct kit (Dynal) following the manufacturer's protocol. An aliquot of 20 µg poly(A) + RNA was separated on a formaldehyde-agarose gel and transferred onto Hybond N membrane (Amersham). Hybridization was to an 840 bp cDNA probe corresponding to the open reading frame of XRCC2.
RESULTS
Cloning human and mouse XRCC2 full-length cDNAs
Using a previously identified cDNA fragment, mapping specifically to genomic clones that complemented the phenotype of the irs1 cell line (24), we screened a number of cDNA libraries by PCR for the presence of the gene. We found that commonly there was either no corresponding cDNA or that a truncated version of the gene (i.e. without a suitable start codon) was present, probably accounting for earlier difficulties in attempting to clone the gene by transfection of cDNA libraries into the defective irs1 cell line (23) . Ultimately, multiple screening from one library (25) yielded a clone that included a potential translation start codon (see below). RACE procedures were also used to identify 5′-sequences, but despite screening large numbers of products derived from both primary and immortalized human cell lines, we succeeded in adding only ∼40 bases to the 5′-end. Several RACE products showed a longer additional sequence, but were found to be spurious, with either incorrectly spliced versions of XRCC2 or XRCC2 spliced onto other identifiable cDNAs. The total length of human XRCC2 cDNA sequence obtained was 1580 bp, with a potential start codon at position 83. This start codon conforms with the consensus (29) at the important -3 position but not at the +4 position (ATGT instead of ATGG) and predicts an open reading frame of 840 bp. The 3′-UTR of the gene contains a sequence closely matching the consensus of the Alu repeat (30) and has one of the less common variants of the poly(A) signal sequence (ATTAAA) (31) .
Sequences from the mouse XRCC2 gene were cloned by degenerate PCR, using primers designed to the central region of the human XRCC2 gene. This was followed by 5′-and 3′-RACE to complete the sequence to a similar relative position as the human gene. An identical putative start codon is found in the mouse sequence, giving an ORF 6 bp shorter than the human gene. The nucleotide sequences of the mouse and human ORFs are highly conserved, with 79% base pair identity (not shown). The mouse gene has no Alu-like repeat at the 3′-end, but has an identical poly(A) signal site to the human XRCC2 gene.
Human and mouse predicted protein sequences are compared in Figure 1 ; these are 78% identical. Within the predicted protein sequence, it is seen that the characteristic nucleotide binding domains of the RecA/Rad51 family are present. The first domain has the conserved GxxxxGKT structure (32) , while the second domain has the characteristic hydrophobic β-sheet.
Comparison is also made in Figure 1 between the predicted protein sequences of XRCC2 and those of the human RAD51 (5,6) and DMC1 (33) genes; these genes were chosen for comparison because they represent orthologues of known family members in other organisms, such as yeast. In yeast, Dmc1 is a meiosis-specific protein, while Rad51 functions in both meiosis and mitosis (2, 3) . This comparison shows that the Xrcc2 protein is structurally distinct but retains a number of highly conserved residues outside the nucleotide binding domains. It is also evident from this comparison that the predicted size of the Xrcc2 protein is smaller than that of other members of this family. For this reason and because the putative start codon does not entirely conform with the established consensus (see above and Fig. 2A) , we sequenced genomic DNA further upstream of the identified 5′-region, to establish that no further coding regions were present.
Genomic DNA sequencing
We had previously established that restriction enzyme sites characteristic of a CpG island (34) were present on a 110 kb human genomic fragment containing the XRCC2 gene, located at chromosome 7q36.1 (24) . Sequencing a region of human genomic DNA upstream of the 5′-end of XRCC2 revealed that this CpG island was in close proximity to the gene (Fig. 2A) . 5′ CpG islands mark the start of housekeeping genes and are typically ∼1 kb long, but may include more than one 5′ exon (34, 35) . Therefore, we sequenced a further 1700 bp of this upstream region. Additionally, an anonymous mouse BAC genomic sequence (accession no. AC004093), found to contain the mouse XRCC2 gene, revealed a CpG island located at the same point as in the human sequence, relative to the 5′-end of the XRCC2 gene (Fig. 2B) . However, comparison of the human and mouse genomic sequences failed to reveal further upstream sequences which were sufficiently homologous to be considered as parts of the gene. Taken with our cDNA library and RACE work (see above), this evidence suggests that it is unlikely that further transcribed sequences are present upstream of the identified 5′-end of the XRCC2 gene.
Sequencing human genomic DNA also revealed that the XRCC2 gene is divided into three exons, with intron-exon boundaries positioned as shown in Figure 1 . Boundary sequences conformed to the consensus (36) , with AG at the 3′ splice site and GT at the 5′ splice site (data not shown).
Functional complementation
To check that the identified cDNA is able to complement the defect in the irs1 cell line, a human cDNA in a mammalian expression vector was transfected into irs1. This cDNA contained the complete ORF as defined above. As seen in Figure 3 , the cDNA gave a highly significant increase in the surviving fraction of irs1, by a factor of ∼10, in response to challenge with the DNA cross-linking agent mitomycin C. This cDNA did not correct the sensitivity of two other mitomycin C sensitive cell lines, irs3 and irs1SF (37) , showing that it is specific for the irs1 defect (data not shown). Similarly, the full-length gene was able to give a significant reduction in the level of chromosomal instability shown by the irs1 line, in either individual transfected cell lines or a pooled set of many lines (Table 1) . 
Expression of the XRCC2 gene
It was likely, from the lack of representation of the XRCC2 gene in cDNA libraries and that no ESTs existed for this gene in the public databases, that the transcript expression level would be low. Despite using large amounts of mRNA from human primary and immortalized cell lines, we had difficulty in obtaining a satisfactory signal on northern blots using the full-length human cDNA as probe. In contrast, we could readily detect transcripts from other genes mapping close to XRCC2 at 7q36.1 (data not shown). However, we did detect a signal in 20 µg mRNA from an immortalized mouse cell line, L929, showing a 1.8 kb transcript (Fig. 4A) .
Commercially available multiple tissue northern blots also failed to show any signals with mouse or human XRCC2 probes. In view of this overall low abundance, we used RT-PCR on mRNA from mouse tissues to look at tissue-specific expression of XRCC2. As an approximate control for the amount of mRNA present, primers specific for the housekeeping gene GAPDH were used on the same samples. Figure 4B shows that amplified products were present in all tissues, but that there was a reproducibly elevated level of XRCC2 transcript in testis.
DISCUSSION
The homologies identified from the predicted protein structure of the XRCC2 gene suggest that it forms part of a homologous recombination pathway involved in the repair of severe damage to DNA. This predicted role for the gene, as suggested earlier (23) , is consistent with the phenotype of the irs1 cell line and constitutes the first example of a gene from this pathway identified by its complementing activity.
The irs1 cell line is moderately sensitive to several different types of DNA-damaging agents, including ionizing radiation (3-fold), UV light (3-fold) and ethyl methanesulphonate (10-fold), although it is especially sensitive to mitomycin C (60-fold) (21) . This extreme sensitivity of irs1 to DNA crosslinking agents such as mitomycin C is likely to arise because this type of damage can be handled only by homologous recombination, while damage such as DNA double-strand breaks caused by ionizing radiation can be repaired by other pathways. For example, it has been shown that double-strand breaks in mammalian cells are repaired predominantly by non-homologous end-joining processes and, in contrast to irs1, cell lines defective in end-joining are extremely sensitive to ionizing radiation but not to other agents (38) . The sensitivity of irs1 to agents that cause mostly single-stranded damage, such as UV light and alkylating agents, is likely to arise as a result of a defect in post-replication repair (see also below). If single-stranded damage is not repaired prior to DNA replication (S phase), then a gap will commonly form in the newly synthesized strand and the resulting doublestranded damage will require homologous recombination for its resolution (3, 4) .
Homologous recombination takes advantage of the sequence similarity between duplicated regions of DNA, for example sister chromatids, to repair the damaged sequence (3) . The repair will be carried out with high fidelity providing the duplicated region is identical in sequence to the damaged region. Conversely, loss of this recombination repair process should result in a loss of repair fidelity. It is of considerable interest therefore that irs1 cells show genetic instability, with increased formation of spontaneous and radiationinduced gene mutations and chromosomal aberrations, relative to wild-type cells (15, 39, 40 ; Table 1 and unpublished data).
The introduction of the cloned human XRCC2 cDNA into the irs1 hamster cell line gives a significant but not complete reversal of the sensitivity and instability phenotype ( Fig. 3 and Table 1 ). The inability to completely revert this phenotype is unlikely to be due to a difference between the human and hamster XRCC2 genes, because we have already shown that human genomic DNA carrying the XRCC2 gene can completely revert the irs1 phenotype (24) . However, we have also found that the gene transcript is normally expressed at a very low level (see Results). We consider, therefore, that it is possible that expression of XRCC2 under a strong promoter, while complementing the phenotype in part, may lead to some adverse effects on the transfected cell lines.
The very low level of transcript expression, for a gene that is clearly very important for survival from damage by DNA cross-linking agents, indicates that the gene is tightly regulated. It is possible that this regulation relates to cell cycle position; there is evidence for regulated expression of recombination proteins through the cell cycle in both yeast and mammalian cells. RAD51 gene transcript levels increase sharply in S phase of Saccharomyces cerevisiae (12) and levels of Rad51 and Rad52 proteins increase during S phase and peak in G 2 in human and rodent cells (41) . Also, the human Rad51 protein is found to concentrate in multiple foci within the nucleus of mitotic cells at S phase (42) . These findings are again consistent with a major role for homologous recombination processes in post-replication repair of damage. In this context, it is interesting to note that the irs1 cell line shows loss of the S phase-dependent resistance to X-rays found in wild-type cells (43) . In addition, the increased expression of XRCC2 in mouse testis, relative to other tissues tested, is suggestive of a role for the gene product in meiosis. In this respect XRCC2 may again have similarities to RAD51; the RAD51 transcript is highly expressed in mouse testis (5) and Rad51 protein is associated with chromosome synapsis in human and mouse meiotic cells (44) .
Do studies of homologous recombination in other organisms give any precedents for the possible functional role of XRCC2?
In the bakers yeast S.cerevisiae, for example, there are four different members of the recA/RAD51 family: ScRAD51, ScDMC1, ScRAD55 and ScRAD57 (2) . Each of these genes has a non-redundant function in recombination, although it is known that the ScRad51, ScRad55 and ScRad57 proteins work in a complex (45, 46) . As noted above, close structural (and probably functional) homologues of ScRAD51 and ScDMC1 exist in mammals, but as yet no close homologues of ScRAD55 and ScRAD57 have been found in other organisms. While it is possible that XRCC2 is a functional homologue of one of these latter two genes, it is difficult on present information to be sure of this. Comparison of the predicted protein structures shows that XRCC2 has a similar level of homology (20-25% identity, 45% similarity) to each of the four S.cerevisiae proteins. Similarly, XRCC2 is structurally distinct from other human members of this gene family (Fig. 1) , including recently discovered genes (47) . Gene duplication and structural divergence is a relatively common feature in the evolution of higher organisms (48), but it is also possible that a high level of structural homology is not conserved in the evolution of some members of the recA/RAD51 family. In accordance with this, we have recently identified a member of this family from the yeast Schizosaccharomyces pombe that also does not closely resemble any specific member of the S.cerevisiae group (unpublished data).
Biochemical studies of the XRCC2 gene product, now in progress, should resolve these questions of functional similarities. Given the presence of an elevated level of transcript in germinal tissue, it will be particularly important to assess the function of this gene in both mitotic and meiotic tissue.
